Poly gamma glutamic acid (γ-PGA) is an anionic polyamide with numerous applications. Proline 23 metabolism influences the formation of reactive oxygen species (ROS), and is involved in a wide range of 24 cellular processes. However, the relation between proline metabolism and γ-PGA synthesis has not yet been 25 analyzed. In this study, our results indicated that the deletion of Δ1-pyrroline-5-carboxylate dehydrogenase 26 encoded gene ycgN resulted in 85.22% higher yield of γ-PGA in B. licheniformis WX-02. But the deletion 27 of proline dehydrogenase encoded gene ycgM had no effect on γ-PGA synthesis. Meanwhile, a 2.92-fold 28 higher level of P5C was detected in ycgN deficient strain WXΔycgN, while the P5C levels in WXΔycgM 29 and double mutant strain WXΔycgMN remained the same, compared to WX-02. The ROS level of 30 WXΔycgN was 1.18-fold higher than that of WX-02, and the addition of n-acetylcysteine (antioxidant) into 31 medium could decrease its ROS level, further reduced the γ-PGA yield. Our results showed that proline 32 catabolism played an important role in maintaining ROS homeostasis, and the deletion of ycgN caused P5C 33 accumulation, which induced a transient ROS signal to promote γ-PGA synthesis in B. licheniformis.
140
The intracellular ROS levels was enhanced in the ycgN deletion strain 141 P5C was reported to be a direct inhibitor of mitochondrial respiration in yeast, which might 142 further lead to intracellular ROS accumulation (24) . Thus, we hypothesized that the deletion of ycgN 143 might enhance the accumulation of intracellular ROS, which further influenced γ-PGA synthesis. To 144 confirm this hypothesis, the ROS levels of WX-02, WXΔycgM, WXΔycgN, and WXΔycgMN were 145 measured by DCFH method. As shown in Fig. 5A, a 1 .18-fold increase in fluorescence was detected in 146 WXΔycgN at 4 h. And the ROS content in WXΔycgN was found to be significantly decreased after 8 h ( Fig.   147 5A). The intracellular ROS levels in WXΔycgM and WXΔycgMN were 42.60% and 29.38% lower than that 148 of WX-02, respectively (Fig. 5A) . These results proposed that deletion of ycgN induced a transient increase 149 in ROS, which might promote γ-PGA synthesis. 150 151 9
The ycgN-dependent ROS signal contributed to γ-PGA synthesis 152 ROS has been reported to promote γ-PGA synthesis capability in B. subtilis . Thus, 153 the transiently increased ROS level observed in WXΔycgN was proposed to be the primary cause of γ-PGA 154 enhancement. To test this hypothesis, n-acetylcysteine (NAC, antioxidant) (10 mmol L -1 ), a widely used 155 antioxidant agent, was added into the medium to neutralize the ROS production. In the present of NAC, the 156 ROS level of WXΔycgN was similar to that of WX-02 at 4 h (Fig. 5B) . The γ-PGA yield of WXΔycgN was 157 7.06 g L -1 , which is near to WX-02 ( Fig. 5C) . To further verify that ROS would promote γ-PGA synthesis 158 in B. licheniformis WX-02, H 2 O 2 was supplied as a simple mean to increase the intrinsic ROS levels. Our
159
result implied that addition of 10 mmol L -1 H 2 O 2 could increase the γ-PGA yield (13.88 g L -1 ) by 77.72% 160 ( Fig. S1) . Collectively, our results suggested that the increase of ROS induced by the deletion of ycgN 161 might contribute to the enhancement of γ-PGA yield in WXΔycgN. Overproduction of ROS has been 162 reported to cause damage of intracellular biomolecules, such as proteins, DNA and lipids, which was not 163 conducive to the cell growth (25, 39, 40) . Consequently, WXΔycgN exhibited a slight growth defect and the 164 extended lag phase, compared with those of WX-02.
165

Effect of ycgN deletion on the intracellular ATP concentration
166
ATP supply is essential for product synthesis, as well as in γ-PGA (15). As show in Fig. 5D , the 167 intracellular ATP concentration of WXΔycgN was 11.875 μmol· gDCW -1 , increased by 24.40% compared to 168 that of WX-02 (9.55 μmol· gDCW -1 ). The ATP concentrations of WXΔycgM and WXΔycgMN were 6.65 169 μmol· gDCW -1 and 10.19 μmol· gDCW -1 , respectively. These results indicate that deletion of ycgN improved 170 the intracellular ATP supply, which was beneficial for γ-PGA synthesis. 
181
(DegU-P) (4). Accordingly, the transcriptional levels of genes degU and swrA were enhanced by 1.79-and 182 11.92-fold, respectively ( Fig. 6) . Also, the transcriptional levels of relevant genes in TCA cycle, including 183 citZ (encodes citrate synthase) and icd (encodes isocitrate dehydrogenase) were verified, as the precursor of 184 γ-PGA glutamate can be synthesized from α-Ketoglutaric acid. And the expression levels of both genes 185 were increased by 8.36-and 13.93-fold in WXΔycgN, respectively ( Fig. 6 ).
187
Discussion
188
Proline is a multifunctional amino acid which can be used as carbon, nitrogen and energy source (18).
189
Also, it plays an important role in protecting against osmotic and oxidative stresses, since it is a compatible 190 solute and a free-radical scavenger (42). In addition, proline catabolism has been found to be involved in 191 protection of intracellular redox homeostasis and virulence in microorganisms (26, 43) . In this study, we 192 demonstrated that the deletion of ycgN significantly enhanced γ-PGA production in B. licheniformis WX-02, (42). This study implied that deletion of ycgN in B. licheniformis WX-02 led to an 203 85.22% increase of γ-PGA yield. One explanation is that deletion of ycgN prevents the pathway of proline 204 oxidation, and then reduces ATP content. However, the catabolism of proline was interrupted in ycgM 205 mutant and ycgMN double mutant strains (Fig. 1) , the γ-PGA yield exhibited no difference from the 206 wild-type. Moreover, the ATP content of ycgN deletion strain was significantly higher than that of wild-type 207 strain and other mutants. Thus, the interrupting of proline oxidation and ATP generation might not be the 208 main reason for the enhancement of γ-PGA yield obtained in the ycgN deletion strain.
209
Based on our results, the enhancement of γ-PGA in WXΔycgN was related to the ROS accumulation 210 ( Fig. 5) . In the previous researches, impaired P5C dehydrogenase activity was supposed to induce ROS 211 generation by causing intense P5C-proline cycling in animals, plants and fungus (26). The oxidation of 212 proline to P5C by FAD dependent-ProDH provides an excess of electrons to the mitochondrial electron 213 transport chain and enhances ROS accumulation (17, 26, 44) . P5CDH would prevent the excessive 12 producing and accumulation of ROS by converting P5C to glutamate irreversibly (44). However, 215 overexpression of ycgM did not improve γ-PGA production in WX-02, indicating that the increase of 216 γ-PGA production in WX-02ΔycgN was not attributed to the proline-P5C cycling. Another interpretation 217 was that the effects of ycgN mutation were mediated by P5C. Consistently, an increase of P5C was detected 218 in ycgN mutant but not in other mutants. Hence, the improvement of γ-PGA production in ycgN deletion 219 strain might due to the P5C or P5C-derived signals.
220
Formaldehyde and acetaldehyde, which containing the aldehyde group, had been proved to be able to 221 impair mitochondrial function and then generate ROS (45, 46) . P5C attacks the mitochondrial respiratory 
225
Thus, it might be reasonable that P5C or, more likely, its equilibrium compound GSA with an unstable 226 aldehyde group, contributed to the γ-PGA enhancement by inducing ROS burst via inhibiting the 227 respiratory chain. Based on our results, a transient increase of ROS was observed at earlier time points in 228 WX-02ΔycgN mutants, but not in WX-02, WX-02ΔycgM or WX-02ΔycgMN.
229
γ-PGA is a homopolymer of glutamate with diverse biochemical properties (4). Several organisms 230 secrete γ-PGA into the environment for sequestration of toxic metal ions or decreasing high local salt 231 concentrations, enabling them to survive in adverse conditions (4). In our previous researches, the γ-PGA 232 synthesis capability was strengthened when the strains were cultured in the stress conditions, such as high 233 salt, high temperature, caustic alkali, and ultrasonic shock (20). Here, it was found that the γ-PGA synthesis 234 of WX-pHY300 was increased by 57.40% compared with that of WX-02 (Fig. 2) , which was in line with 235 13 the previous studies. Since the plasmid was supposed to exhibit metabolic burden on the host and affected 236 host gene expression and phenotype, it was suspicious that the enhancement of γ-PGA synthesis in 237 WX-pHY300 could be an element of response or adaptation response against stress caused by pHY300 238 (50) (51) (52) (53) . According to this study, oxidative stress increased γ-PGA production in WX-02 by ycgN deletion 
242
ROS has been proposed to act as the secondary messenger and regulate many processes at the 243 transcriptional level (19, 31, 54, 55) . The global regulator OxyR was reported to react with H 2 O 2 and form a (Fig.7) .
254
Conclusion
255
The role of proline metabolism on γ-PGA synthesis is analyzed in this work. Based on our results, 256 14 γ-PGA synthesis in B. licheniformis WX-02 was enhanced by the deletion of ycgN, which yield was 85.22% 257 higher than that of wild-type strain. Secondly, the P5C concentration of WX-02ΔycgN was 2.92-fold 258 increased, which resulted in the intracellular ROS accumulation. These results illustrate the importance of 259 P5C dehydrogenase in regulating γ-PGA production, and it provides valuable information for metabolic 260 engineering of high-yield γ-PGA strain of B. licheniformis.
261
MATERIALS AND METHODS
262
Bacterial strains, media and culture conditions
263
The strains and plasmids used in this work are listed in Table 1 . B. licheniformis and Escherichia coli 264 were cultured at 37°C in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl and pH 7.2).
265
The seed culture of B. licheniformis was prepared in a 250 mL flasks containing 50 mL LB medium, and 266 incubated at 37°C in a rotatory shaker (180 rpm) for 10 h until OD 600 reached 4.6~5.0. The seed culture
267
(1.50 mL) was inoculated into 250 mL flask containing 50 mL γ-PGA production medium (g L -1 : glucose 268 60, sodium nitrate 10, sodium citrate 10, NH 4 Cl 8, CaCl 2 1, K 2 HPO 4 · 3H 2 O 1, MgSO 4 · 7H 2 O 1,
269
ZnSO 4 · 7H 2 O 1, MnSO 4 · 7H 2 O 0.15 and FeCl 3 · 6H 2 O 0.04), and shaken at 37°C and 180 rpm for 32 h. All 
